In this paper, stabilizing control of tracked unmanned ground vehicle in 3-D space was presented. Firstly, models of major modules of tracked UGV were established. Next, to reveal the mechanism of disturbances applied on the UGV, two kinds of representative disturbances (slope and general disturbances in yaw motion) were discussed in depth. Consequently, an attempting PID method was employed to compensate the impacts of disturbances andsimulation results proved the validity for disturbance incited by slope force, but revealed the lack for general disturbance on yaw motion. Finally, a hierarchical fuzzy controller combined with PID controller was proposed. In lower level, there were two PID controllers to compensate the disturbance of slope force, and on top level, the fuzzy logic controller was employed to correct the yaw motion error based on the differences between the model and the real UGV, which was able to guide the UGV maintain on the stable state. Simulation results demonstrated the excellent effectiveness of the newly designed controller.
Introduction
The unmanned vehicle become more and more important in present world, which have acted as explorers, rescuers, detectors, servants [1] . As trackedUGV has plenty of prominent advantages in the practical area, lots of subject of research focus on it. As a UGV mainly works in somewhat self-organized manner, consequently, knowing where it is, where the destination is, how it can get there and keeping stability when it is running are important for a UGV.
Furthermore, when a UGV works outdoors and has to be subject to space constraints in 6-DOFs,in which environment, lots of disturbances make the objects above difficult to realize.Disturbances could be summarized as follow:
(a) Varied adherence coefficient of varied type of ground, (b) Varied resisting force on magnitude and direction coming from varied terrain, (c) Random disturbance under uncertainty environment. Under the effects of disturbances, UGV is prone to deviate from predefined routine, which would lead UGV into uncertainty and dangerous situation in all probability.That is, stability of motion trajectory of UGV is damaged. With regard to theoretical level, general motion stability theory [2] elaborate on the rules which a dynamic system should respect to keep itself stabilizing. As it is a very important property for most of dynamic systems, theories of stability of motion were applied broadly, for instance, in general plants or mechanical systems to keep the system stabilize to equilibrium working point [3] [4] [5] . In the domain of ground vehicle, automotive industry paid more attention to the handling stability when car is running in curve path with high speed [6] [7] [8] . Based on the analysis of stability, driving assistant system, such as electronic stability program (ESP) was developed rapidly and became the standard equipment of car as a matter of fact [9, 10] . Without ESP, when car is running with left wheel on icy road and right wheel on blacktop, side slip would drive the car overturn. Equipped with ESP, under the same condition above, ESP would reallocate driving force to left and right wheel to keep car running stable. If we look through the discussions presented above on the theory of stability and its applications, the concept of stability has been defined as the convergence to the zero of error between the motion states and that of expected parameters of plants in pure mathematical definition; and under the same definition, the motion stability of UGV can be summarised as the error between the motion states and pre-defined motion states have to be converged to zero with time goes on. In this paper, models of major modules of UGV were established.Next, to reveal the mechanism of disturbances applied on UGV, two kinds of representative disturbances (slope and general disturbances in yaw motion) will be discussed in depth, which will be the fundamental objects to be resolved. Consequently,based on the condensed review on fuzzy logic theory, an attempting PID method will be employed to compensate the impacts of disturbances; finally, a hierarchical fuzzy-PID controller will be proposed to improve the motion stability.
Modelling of UGV
Unexceptionally, modelling is the first key procedure in research of UGV, which is the foundation for the subsequent research, i.e. PID and fuzzy logic controller design.
Scheme ofUGV
Generally speaking, a UGV is a class of complex systems consisting of lots of mechanical, electric and electronic parts. Fig.1present a scheme of UGV designed by Beijing Institute of Technology, which is involved the following modules according the function: (1) energy source module, (2) control module, (3) power and driving module, (4) main body and (5) auxiliary module. In this paper, models of driving module and main body are built up, and others are neglected because they contribute tiny affection on the dynamic behaviour of UGV in short period. 
Modelling of Main Body
Compared with most of research proposed by staff in robotics and vehicle industry, which are carried out in 2-D space, body model of UGV is described in 3-D space in this paper. And in this condition, motions in six-DOFs should be considered. According to NewtonEuler formulation,the dynamic equations of UGV designed in my lab should be:
where: 
in (1), f F stands for deformed resistance of ground, m stands for mass of mobile robot and δ is named as gain coefficient of mass, which converts the rotational inertia equally to translational mass, dimensionless. For a general mechanical system with some rotational components, in general, 1.1~1.2 δ= [11] . Subsequently, F y is the forces in y axis direction, in fact, it is a centripetal force. And in (4) and (5) 
As to the another important parameter, resistant torque, r M , is the function of mg , L , B and the attitude angles of UGV, which will be discussed in the following section.
Disturbances on UGV
When a UGV is running outdoors, many kinds of disturbances coming from slope and rugged surface will affect its motion status, and furthermore, on exceeding some limits, motion stability of UGV will be challenged immensely. Further research reveals that there are three types of disturbances according to the mechanism of disturbances: (1) centrifugal force, (2) slope force and (3) general disturbances on yaw motion. As the affection of centrifugal force was discussed in other papers andyielded minor effect on the miniature UGV. Therefore, only effects of slope force and general yaw motion are discussed here. Slope force is a reacting force, which is to counteract the effect of the gravity driving UGV down slope. As in this research, the UGV mainly works in 3-D space; therefore, the slope force cannot be ignored. General disturbance on yaw motion of UGV is the abstract disturbance of several kinds of disturbances. If disturbances are applied on the two tracks of the UGV equally to, then, the yaw angle will not be affected and the UGV can keep stable in the direction of motion. Unfortunately, UGV seems never so lucky to get balanced loads on two tracks. Difference of the coherent status of the two tracks, difference of the shape of terrain under the two tracks, as well as random lateral resistant force, can yield additional disturbances on the yaw motion of the UGV, which have the same feature that all can be denoted as the disturbances on the angular acceleration. Before going into detailed discussion, the following hypotheses are necessary:
The surface of ground is large enough to assure the contacting surface of tracks are local planar, hence, in spite of the variation of curvature of ground, the local area where UGV locates is considered as local plane;Suppose that lateral motion of UGV is in steady state, without any acceleration. Effects of slope force are not only in the lateral direction of UGV but also in the longitudinal direction, and the magnitude is time-variable:
Accordingly, incited offset can be yielded:
and steady lateral velocity cos sin 2
As the F t also incites the rearrangement of lateral resistant shearing stress, then:
From (10), if UGV doesn't rotate, then, no y v appears, which means that the slope force doesn't affect the stability of straight-line motion. Consequently, the behaviours of UGV in two turning processes under the disturbance of slope force are investigated in MATLAB/Simulink, one is started from the initial Disturbances mentioned above are connatural for UGV in 3-D space, while some random disturbances in motion also make UGV deviate from stable state. For example, when a UGV is running on rough terrain, if track in one side is running over a flat surface while track on the other side has to overcome a small obstacle with the same speed, then in fact, the UGV undertakes a small turning in this procedure in yaw direction; another probable situation is that UGV is running on a planar surface but there are two diverse contacting conditions under the two tracks, for instance, one is slippery and the other is solid, in which situation the UGV leads to turn to the direction of slippery side, then, unexpected yaw motion occurs. Definitely, there are many other disturbances which will make UGV rotate in yaw direction with vastly different disturbing mechanism. It is a great challenge to establish mechanics model for every disturbance. On analysing the behaviour of these disturbances, the most common feature is the result of disturbances can be reflected by the rate of variation of angular velocity in axis z (i.e. Real Route ReferenceRoute angular acceleration in axis z ). Therefore, in this research, all of disturbances in this conditions are converted into the noise angular acceleration in axis z . To clarify the effects of general yaw motion disturbance, simulation was carried out, in which UGV was supposed to follow a straight line coincided with axis x in inertia coordinates. The disturbance applied on UGV is illustrated in Fig. 4 , and the effects on route of UGV are shown in Fig. 5 . From figures above, the effects of slope force are significant: the real route of UGV is obviously deviated from the reference route; and when UGV is subjected to the general yaw motion disturbance, real route will deviate from predefined route rapidly. From Fig. 5 , only after nine seconds running, the deviation between predefined routine (axis x) and real routine increased to 2.4 m, which affected the stabilizing performance and of UGV enormously. Therefore, controller design to improve the ability of keeping stability is necessary and indispensable.
Design of PID Based Motion Stabilizing
Controller of UGV Based on the discussion above, to keep the motion stability of UGV, all of disturbances should be compensated by a controller appropriately, which is named as stabilizing controller. Starting from convenience and simplicity, the first choice for attempt is employing a PID controller, which is the most universal but powerful tool for control engineering. There are two necessary functions or modules which should be realized by the designed stabilizing controller: Motion control module (path following and/or attitude control): Firstly, stabilizing controller accepts the instructions from planning or navigation module of UGV, which are the descriptions on status ( path and/or attitude ) UGV should be in; and in general; the path curve is differentiable. Secondly, on receiving data of motion sensors, stabilizing controller manages to map the path and/or attitude information into expected rotational speed of motors for driving; and finally, transfer the motion instructions to the controller of motors to complete a control cycle. Compensation module based on estimation of disturbances: Obviously, effects of disturbances can be represented in the variation of parameters of motion (such as curvature of path), and can be adapted by the motion control module. But, as the control system and driving system must take a short period of time to response the disturbances passively, therefore, stability performance will be depraved. Thus, active compensations based on the estimation of disturbances are preferred to improve the efficiency of stabilizing controller. Integration of motion control module and compensation module: Based on the modules mentioned above, an integration module should be presented to compose the final control output advisably. As the most extensive control algorithm, PID may be the first choice for all kinds of control issues, as well as in mobile robot [12] [13] [14] [15] [16] . In this research, a digital PI controller is employed as a motion control module, and a digital P controller is for the compensation module, which is illustrated in Fig. 6 . 
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where T is the sampling time.
In compensation module, a P controller is designed as
where K φ stands for proportional gain of inclined slope φ is the inclined angle of slope
The implemented controller is shown in Fig. 6 .
Simulation Results undertheControl of PIDController
On designed the two modules, simulations are carried out. Firstly, situation under disturbance incited by slope force is executed. Fig. 7 and Fig. 8show the control results on slope of 3°, and Fig. 9 and Fig. 10 present the control results on slope of 6°. Secondly, simulations under the general disturbance of yaw motion on plane surface are put forward with the same disturbing noise illustrated in Fig. 4 and the results are shown from Fig. 11andFig . 12. 
Discussions:
For a PID controller (PI plus P control in fact), the control effects on motion stabilizing are significant (compared with Fig.2 and Fig. 10 , or Fig. 3 and Fig. 8 ).
When slope angle is 3°, the maximum deviation between expected curve and real curve is 0.0211 m under the PI control, while the that of situation without control is 0.2510 m; when slope angle is 6°, the maximum deviation between expected curve and real curve is 0.1215 m under the PI control, while the that of situation without control is 0.5836 m. The control effects under the general disturbance of yaw motion are interesting. On one hand, the controller did correct or compensate the disturbance on the angular velocity (the deviation after 50 seconds is -0.44 m; while that without control is 2.44 m and become infinite as time is elapsing); on the other hand, it overdoes in some degree and the new steady state of UGV deviates from the origin of yaw motion obviously (Fig.11) . Above all, the motion stabilizing controller based on PID approach can achieve fairish effects, but it seems that some intelligence is necessary to compensate the general disturbance in yaw motion.
Design of Fuzzy EnhancedMotion Stabilizing Controller of UGV
According the discussions above, digital PID controller had done its best to reduce the negative effects of disturbances, but, obviously, more intelligence was necessary to achieve our goal, which seems to be lack of brightness like human being. Based on the condensed review on the theory of fuzzy logic, in this paper, a fuzzy logic controller will be proposed which is not a substitution of the PID controller but an integrated hierarchical controller combined with the controller designed in the previous section, because the fuzzy logic controller is to enhance the intelligence while the effects on basic compensating jobs by PID controller are passable. The schema of hierarchical controller is shown in Fig. 13 . The mamdani method is selected as the inference approach of fuzzy logic, table of inference rules is shown in Table 1 , and the rules surface is illustrated in Fig. 14. In the defuzzification stage, centre of mass is applied to calculate the fuzzy output, and the final output of fuzzy logic controller is the K times of fuzzy output, which is named as gain of output. 
Design of KalmanFilter
From the section VI, the fuzzy controller needs two parameters for real-time control, deviation of the yaw angle and the deviation rate of the yaw angle. Generally speaking, a gyro does can supply the two parameters, but there are definitely lots of stochastic noises in the feedback signals of the gyro, therefore, the use of filter is necessary. Kalman filter is prominent in the area of optimum system estimation with stochastic noise [17] . In this paper , a discrete Kalman filter was employed:
in which: ψ and ω are yaw angle and angular velocity related to axis z respectively, and T stands for the sampling period. ( ) v k stands for the angular acceleration disturbance in yaw motion on time k with the covariance v R . Finally, ( ) w k stands for the measurement noise on time k with the covariance w R . Therefore, the gain of the best observer should be:
where
Simulation Results undertheControl of Fuzzy Controller
As the major function of fuzzy logic controller is to compensate the general disturbance of yaw motion, therefore, the performance anti-yaw disturbance of controller is the kernel content of this section. According to the gain of output K , four simulations are carried out. Fig.15 to Fig. 20 illustrate the results when K equals to 10, 15 and 20 respectively. Compared with the results of PID controller, the effects of antidisturbance are improved greatly. For 10 K = , the error between the yaw angle of model and that of real UGV is relative large than others. It seems that the effects of 15 K = and 20 K = are both acceptable, but referred to the error of the yaw angle, as the error of yaw angle is convergent to zero when K equals to 15, therefore, the output gain of 15 K = is more preferred, in which condition, the maximum error between expected curve and real curve is -0.01 m, and the trends is approaching to a steady state after 50 seconds' running. 
Conclusions
In this paper, the mechanisms of two kinds of disturbances applied on UGV have been thoroughly discussed, which reveal the deviational rules of UGV. With the simulated case studies, disturbances of slope force and general disturbing on yaw motion represent characteristics individually. As a test on first step, a PID controller (PD plus P control, in fact) is realized to keep the stability of motion for UGV. Simulation results prove the validity for disturbance incited by slope force, but also reveal the lack for general disturbance on yaw motion. Finally, a hierarchical fuzzy controller combined with PID controller is proposed to compensate the lack of PID on disturbance on yaw motion. The PID controller in lower level is set to compensate the disturbance of slope force, and the differences between the model and the real UGV are feedback to the fuzzy logic controller on top level, which work out the adjustment that the UGV should take and guide the UGV maintain on the stable state. Simulation results demonstrate the power of the newly designed fuzzy controller. 
